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It has been known that the intra-tumour environment is acidic with
pH as low as 5.6 due to high glycolytic activity of malignant cells,
insufficient vascular supply and sluggish blood circulation
(Aisenberg, 1961; Gullino, 1975; Wike-Hooley et al, 1984;
Griffiths, 1991; Song et al, 1993a). Since various metabolic path-
ways are directly influenced by acidity, an acidic intra-tumour
environment would significantly affect viability and proliferation
of tumour cells. Indeed, it has been demonstrated that intracellular
acidification by exposing cells to an acidic environment or by
interfering with the intracellular pH (pHi) control mechanisms
causes cellular damage and sensitizes cells to chemotherapy or
hyperthermia (Haveman, 1979; Chu and Dewey, 1988; Jahde et al,
1989; Kim et al, 1991; Song et al, 1993a, 1993b, 1994; Liu and
Fox, 1995; Liu et al, 1996; Lee et al, 1997; Takasu et al, 1998).
Tannock and Rotin (1989) reviewed the influence of pH on cell
viability and on the activity of therapeutic agents and demon-
strated that the pHi regulatory mechanism may be used as a target
of therapy exploiting the fact that the interstitial environment in
tumours is markedly acidic as compared with that in normal
tissues. We have observed that an exposure of cells to acidic
medium induces apoptosis and that an acidification of the intracel-
lular environment by interfering with the intracellular pH (pHi)
regulatory mechanisms induces apoptosis even in a neutral extra-
cellular pH (pHe) environment (Park et al, 1996; Lee et al, 1997).
Proteolytic degradation of various vital proteins including
PARP (poly (ADP-ribose) polymerase) by ICE (interleukin-1b
converting enzyme)-like caspases is a common effector phase in
apoptosis caused by various signals. Degradation of each protein
appears to be carried out by one or more caspases specific for each
protein (Lazebnick et al, 1994; Nicholson et al, 1995; Whitacre
et al, 1995; Kumar and Lavin, 1996; Schlegel et al, 1996). For
example, PARP is cleaved mainly by CPP32. Furlong et al (1997)
recently reported that pHi was decreased, PARP was cleaved and
DNA was fragmented during apoptosis in IL-3-dependent BAF3
cells after withdrawal of IL-3 or treatment with topoisomerase
inhibitor etoposide. These investigators concluded that the intra-
cellular acidification triggered apoptosis by directly or indirectly
activating ICE-like proteases. On the other hand, Wolf et al (1997)
reported that acidification during apoptosis is downstream of ICE-
like protease activation, suggesting that the PARP cleavage by
caspases during apoptosis is not caused by intracellular acidifica-
tion. In the present report we describe our observation that in 
HL-60 human promyelocytic leukaemia cells, acidic stress causes
apoptosis first by up-regulating a pro-apoptotic factor, Bax,
thereby activating ICE-like caspases.
MATERIALS AND METHODS
Cell line and culture conditions
Exponentially growing HL-60 human promyelocytic leukaemia
cells were used in this study. The cells were cultured under a
humidified 5% carbon dioxide/95% air atmosphere at 37°C. The
cell density was maintained at fewer than 3 ´ 105 cells ml–1 in 25-
cm2 plastic tissue culture flasks with 10 ml of RPMI-1640 culture
medium supplemented with 10% (v/v) fetal calf serum. Apoptosis
was induced by incubating the cells in fresh medium that had been
adjusted to the desired pHs using 30 mM each of Tris, MOPS
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(3-(4-morpholino)propanesulphonic acid) and MES (morpholino-
ethanesulphonic acid) buffers.
DNA gel electrophoresis
The cells were collected by centrifugation, washed with phos-
phate-buffered saline (PBS) and resuspended in lysis buffer
(10 mM Tris–HCl, pH 7.4; 10 mM sodium chloride (NaCl); 10 mM
EDTA; proteinase K at 0.1 mg ml–1; 0.5% (w/v) sodium dodecyl
sulphate (SDS)) and incubated at 48°C overnight. Cold (4°C) 5 M
NaCl solution was added to the lysate and this mixture was vigor-
ously shaken with a vortex and centrifuged at 10 000 g for 5 min.
The supernatant was mixed with isopropanol (1:1) and incubated
at –20°C overnight. The pellet was resuspended in TE buffer
(10 mM Tris–HCl pH 7.4, 1 mM EDTA) and the RNA was digested
by adding 0.2 mg ml–1 DNAase-free RNAase. Twenty micrograms
of DNA from each sample were subjected to electrophoresis on
1.5% agarose gel in TBE (89 mM Tris base, 89 mM boric acid,
2m M EDTA) and the DNA was stained with ethidium bromide
(Park et al, 1996; Lee et al, 1997; Takasu et al, 1998).
Western blotting analysis of PARP, Bcl-2 and Bax
Cells were collected by centrifugation, washed with PBS and
dissolved in solubilizing buffer (pH 7.4, 1% Triton X-100, 1%
deoxycholic acid sodium salt, 0.1% SDS, 20 mM Tris–HCl,
150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulphonyl fluo-
ride, 10 mg ml–1 aprotinin and 10 mg ml–1 leupeptin). Twenty-five
micrograms of protein per lane were electrophoresed on 7.5%
polyacrylamide gels. The proteins were visualized by staining
with 0.1% Coomassie brilliant blue R-250 in a solution of 50%
methanol and 10% acetic acid in water. The gels were destained in
the same methanol–acetic acid solution without bromophenol blue
and then transblotted to Hybond-P (Amersham, Arlington Heights,
IL, USA) in transfer buffer (192 mM glycine, 25 mM Tris, 2.5 mM
SDS, 10% methanol). The blots were blocked with 3% non-fat,
dry milk in TBST (pH 7.4), incubated with anti-PARP antibody
(1:1000 dilution; UBI), Bcl-2 (1:1000 dilution; UBI) and Bax
(0.5 mg ml–1; UBI), respectively, and then treated with a horse-
radish peroxidase (HRP)-conjugated anti-rabbit IgG antibody. The
immunoreactive bands were visualized using chemiluminescence
(Takasu et al, 1998).
Effect of caspase inhibitors on apoptosis
The ICE inhibitor, Ac-YVAD-H (Peptide International, Louisville,
KY, USA) and CPP32 inhibitor, Ac-DEVD-H (Peptide Inter-
national) were dissolved in dimethyl sulphoxide and added to HL-
60 cells in pH 7.5 medium to a final concentration of 100 mM.
After incubating the cells with the inhibitors at 37°C for 1 h,
the inhibitors were removed by washing the cells with pH 7.5
medium. The drug-treated cells were resuspended in various pH
media and incubated for 4 h at 37°C. PARP cleavage and DNA
fragmentation were then determined.
Flow cytometric analysis
Occurrence of apoptosis and changes in cell cycle distribution
were analysed with the flow cytometry method (Darzynkiewicz et
al, 1992; Lee et al, 1997). Cells were fixed in 10 ml cold 80% (v/v)
ethanol at 4°C overnight. The cells were then centrifuged, washed
with 1 ml PBS and resuspended in 2 ml PBS. To a 2 ml cell
suspension, 30 units of DNAase-free RNAase was added and then
100 ml PI (propidium iodide; 50 mg ml–1) were added. After a
gentle mixing, the resuspended cells were incubated under a dark
condition at 37°C for 1 h and covered until used. The PI fluores-
cence of the cells was measured using about 2 ´ 104 cells in a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,
USA). The fraction of cells in various cell cycle stages and apop-
tosis was estimated from the cellular DNA content (Takasu et al,
1998).
Determination of pHi
The relationship between the medium pH or pHe and pHi in
HL-60 cells was investigated. The pHi was determined using
BCECF-AM as pHi indicator (Kim et al, 1991; Park et al, 1996).
Cells were suspended in pH 7.5 Tris–MOPS buffered RPMI-1640
medium at a concentration of 107 cells ml–1 and incubated with
5 mg ml–1 of BCECF-AM at 37°C for 30 min. The labelled cells
were washed and transferred into microcentrifuge tubes containing
different pH media and incubated for 60–120 min at 37°C. After
centrifugation, the cells were resuspended in cuvettes containing
Na+- and HCO3
–-free choline chloride buffer at the same pH at
which the cells were incubated. The fluorescence intensity of the
cells was determined at excitation wavelengths of 441 nm and
505 nm and an emission wavelength of 530 nm. The pHi was
obtained from the ratio of fluorescence intensities at 505 and
441 mm excitation and calibration curves.
RESULTS
DNA fragmentation
The apoptotic DNA fragmentation in HL-60 cells incubated for
6 h in different pH media are shown in Figure 1. The DNA was
fragmented slightly in pH 7.0 medium but markedly in pH 6.4–6.6
media. The magnitude of DNA fragmentation then declined as the
medium pH was further decreased to 6.2 and no DNA fragmenta-
tion occurred in media with pH 6.0 or lower. Figure 2 shows the
effect of ICE inhibitor, Ac-YVAD-H, and CPP32 inhibitor,
Ac-DEVD-H, on the DNA fragmentation. HL-60 cells were
pretreated with the inhibitors for 1 h and then incubated for 4 h 
in pH 6.4 medium. Whereas considerable DNA fragmentation
occurred in the control cells, DNA did not fragment when cells
were pretreated with the caspase inhibitors before incubating the
cells in pH 6.4 medium.
Cleavage of PARP by acidic stress
Figure 3 illustrates that incubation of HL-60 cells for 6 h in acidic
media resulted in cleavage of PARP to a 85 KDa fragment. PARP
cleavage was significant in pH 6.6 medium and it further increased
in pH 6.4 medium and then diminished sharply in pH 6.2 medium.
Densitometric analysis showed that the ratios of the amount of
116 KDa PARP and 85 KDa fragment in pH 6.6, 6.4 and 6.2 media
were 1:0.4, 1:1.3 and 1:0.2 respectively. Figure 4 demonstrates
that PARP cleavage which occurred after 4 h incubation in pH 6.4
medium was almost completely blocked when the cells were
pretreated with either an inhibitor of ICE (Ac-YVAD-H) or an
inhibitor of CPP32 (Ac-DEVD-H) for 1 h before exposing the
cells to the acidic medium.1894 HJ Park et al
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Flow cytometric analysis of apoptosis
An example of flow cytometric histogram for DNA content in the
HL-60 cells incubated in different pH media for 6 h is shown in
Figure 5. Table 1 shows the percent of cells in different cell cycle
phases and that in apoptosis calculated from the flow cytometric
histograms. As can be seen in Figure 5, the apoptotic cell popula-
tion, i.e. cells with sub-G1 DNA content, increased considerably in
pH 6.6 medium and it further increased in pH 6.4 medium. The
apoptotic cell population then declined to almost the control level
as the medium pH was further lowered to 6.0. The average of 5–10
experiments shown in Table 1 demonstrates that 3.4% of cells
were in apoptosis in pH 7.5 medium, while 13.2% and 41.9% of
cells were in apoptosis after 6 h incubation in pH 6.6 medium and
in pH 6.4 medium respectively. These results are consistent with
the results of DNA fragmentation study shown in Figure 1. Note
that the increase in apoptotic cell population in acidic medium
occurred with a concomitant decline in G1 cell fraction suggesting
that G1 cells underwent apoptosis. The decline in S cell fraction
and G2/M cell fraction after incubation in acidic media may be
attributed in part to a decrease in the progression of G1 cells into S
phase and G2/M phase.
Bcl-2 and Bax protein levels
The levels of Bcl-2 and Bax proteins in HL-60 cells after incuba-
tion in different pH media are shown in Figure 6. The Bcl-2
protein level was not altered in acidic medium. On the other hand,
the Bax protein level was up-regulated within 2 h of incubation in
pH 6.4 and pH 6.6 medium and it remained elevated until 6 h of
incubation, the extent of our investigation.
Intracellular pH at different pH media
Table 2 shows the relationship between pHi and pHe in HL-60
cells. The pHi of cells incubated in pH 7.5 medium was lower than
pH
7.5 7.0 6.6 6.4 6.2 6.0
pH 6.4
C D Y
C: No Drug
D: Ac-DEVD-H
Y: Ac-YVAD-H
Figure 1 DNA fragmentation in HL-60 cells incubated in different pH media.
After incubating the cells for 6 h at 37°C, DNA was extracted and subjected
to agarose gel electrophoresis. The DNA fragmentation was maximal in 
pH 6.4 medium, in which the pHi was 6.85 (see Table 1)
Figure 2 Effect of caspase inhibitors on acidic stress-induced DNA
fragmentation in HL-60 cells. Cells were incubated with 100 mM of Ac-DEVD-
H or 100 mM of Ac-YVAD-H for 1 h in pH 7.5 medium and washed. The
treated cells were then incubated in pH 6.4 medium for 4 h, DNA was
extracted and subjected to agarose gel electrophoresis. The caspase
inhibitors blocked the acidic stress-induced DNA fragmentation, which is
downstream of PARP cleavage caused by ICE and CPP32
pH
7.5 6.6 6.4 6.2
97.4
pH 6.4
C DY
97.4
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Figure 3 PARP cleavage in HL-60 cells incubated in different pH media. The
cells were incubated in the media for 4 h at 37°C and PARP cleavage was
analysed by Western blotting. PARP cleavage occurred in the cells incubated
in pH 6.2–6.6 media with a maximal cleavage occurring in pH 6.4 medium.
The pHi of the cells in pH 6.4 medium was 6.86 (see Table 1)
Figure 4 Effect of caspase inhibitors on the acidic stress-induced PARP
cleavage. The cells were incubated with 100 mM of Ac-DEVD-H or 100 mM of
Ac-YVAD-H for 1 h and washed. The treated cells were then incubated in 
pH 6.4 medium for 4 h and PARP cleavage was analysed by Western
blotting. The acidic stress-induced PARP cleavage was almost completely
blocked by the inhibitorsApoptosis caused by acidic environment 1895
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the medium pH, i.e. pHe. On the other hand, the pHi was higher
than the pHe when the pHe was lower than 7.2. For example, the
pHi of HL-60 cells in pH 6.4 medium and pH 6.6 medium, in
which apoptosis occurred, was 6.86 and 7.05 respectively.
DISCUSSION
An incubation of HL-60 cells in pH 6.2–6.6 media for 4–6 h
caused apoptosis as judged from PARP cleavage, DNA fragmenta-
tion and an increase in cell population with sub-G1 DNA content.
The incubation of cells in acidic media for as short as 2 h increased
Bax protein level without changing Bcl-2 protein level. It appeared
that acidic stress first up-regulates Bax, which in turn increases
caspases activity resulting in PARP cleavage and DNA fragmenta-
tion.
The acidic stress-induced DNA fragmentation (Figure 1), PARP
cleavage (Figure 3) and elevation of Bax protein level (Figure 6)
were most pronounced in pH 6.4 medium. Note that the pHi of HL-
60 cells in pH 6.4 medium was 6.86, as shown in Table 2. It should
be noted that apoptosis occurs even in pH 6.8–7.0 media when the
incubation period is prolonged. We previously reported that
apoptosis occurred in HL-60 cells even in pH 7.5 medium when
their pHi was lowered to 6.7–6.9 by inhibiting the pHi regulatory
mechanisms using a combination of inhibitors of Na+/H+ antiport
and HCO3
–/Cl– exchange and also K+ ionophore nigericin (Park et
al, 1996). Furlong et al (1997) recently reported that IL-3-depen-
dent BAF3 cells underwent apoptosis when IL-3 was removed
from the culture medium and also when the cells were treated with
topoisomerase inhibitor etoposide or when the pHi was lowered
with nigericin, K+ ionophore. These investigators reported that pHi
decreased during apoptosis and that the general inhibitor of ICE-
like proteases ZVAD inhibited the PARP cleavage, but the
protease inhibitor did not inhibit the intracellular acidification. It
was therefore concluded that the apoptosis signals first caused
intracellular acidification, which then directly or indirectly stimu-
lated ICE-like proteases. Contrary to this observation, Wolf et al
(1997) recently reported that the caspase inhibitor ZVAD inhibited
not only PARP cleavage and DNA fragmentation but also the
intracellular acidification during etoposide-induced apoptosis in
human ML-1 cells implying that activation of ICE-like proteases
is not caused by intracellular acidification. In our present study,
apoptosis was induced in HL-60 cells by incubating the cells in
acidic medium with no additional treatment or drugs. The observa-
tions that intracellular acidification alone caused PARP cleavage
and DNA fragmentation, and these events could be effectively
blocked with caspase inhibitors (Figures 2 and 4) unequivocally
demonstrated that the acidic intracellular environment was respon-
sible for the activation of caspases.
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Figure 5 DNA histogram (A) and % of cell distribution in apoptosis and cell
cycle phases (B) of HL-60 cells were analysed by flow cytometry method.
The cells were incubated in media of different pHs for 6 h, fixed with 70%
ethanol, stained with propidium iodide, and their DNA content was analysed
with flow cytometry. The population of apoptotic cell (cells with sub-G1 DNA
content) markedly increased upon incubation in pH 6.4
Table 1 The percentage of cells in different cell cycle phases and apoptosis
Cell distribution (%)
pH Apoptosis G1 S G2/M
7.5 3.44 ± 0.23 38.05 ± 1.17 33.41 ± 1.03 23.50 ± 0.50
6.6 12.23 ± 0.62 36.56 ± 0.32 30.16 ± 0.38 19.50 ± 0.54
6.4 41.92 ± 2.50 16.66 ± 1.17 26.58 ± 0.98 14.43 ± 0.32
6.2 8.85 ± 0.41 35.23 ± 0.22 34.79 ± 0.34 20.36 ± 0.24
Average of 5–10 experiments with 1 s.e.m. are shown.
Figure 6 Expression of Bcl-2 and Bax proteins in an acidic environment.
Cells were incubated in different pH media for 2 or 6 h at 37°C. Cellular
proteins were subjected to Western blotting analysis. Whereas Bax protein
level increased Bcl-2 protein level remained unchanged upon incubation of
cells in pH 6.4–6.6 media
Table 2 Relationship between pHe and pHi
pHe pHi
7.5 7.30 ± 0.02
7.2 7.33 ± 0.02
7.0 7.25 ± 0.03
6.6 7.05 ± 0.04
6.4 6.86 ± 0.02
6.2 6.61 ± 0.04
The cells were labelled with BCECF-AM, incubated for 120 min in media at
different pHs (pHe) and pHi was determined from the fluorescence intensity.1896 HJ Park et al
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To elucidate whether the caspase activity is stimulated directly
or indirectly by intracellular acidification, we determined the
levels of Bcl-2 protein and Bax protein. It has been known that
Bcl-2 suppresses caspase activity whereas its family member Bax
stimulates caspase activity and induces apoptosis and that the
expression of these proteins is probably regulated by p53 (Craig,
1995). Although HL-60 cells lack p53 genes (Wolf and Rotter,
1985), an incubation of HL-60 cells in acidic medium increased
the level of Bax protein without changing the level of Bcl-2
protein level (Figure 6). Importantly, Bax protein level was
increased within 2 h of incubation, whereas it took about 4 h for
the appearance of PARP cleavage and DNA fragmentation upon
incubation in acidic medium. These results suggested that acidic
stress first increases the level of Bax protein thereby stimulating
the caspases in the HL-60 cells. CPP32 has been demonstrated to
be the major caspase for PARP cleavage and ICE is relatively inef-
fective in directly causing PARP cleavage. It is unclear why the
inhibitors of both ICE and CPP32 could effectively block the
cleavage of PARP in the present study (Figure 4). In cells, CPP32
and other ICE-like caspase family members exist as pro-enzymes
and activated by interacting with other caspases (Lazebnik et al,
1994; Darmon et al, 1995; Ramage et al, 1995; Duan et al, 1996;
Kumar and Lavin, 1996; Takahashi and Earnshaw, 1996). We
propose that in acidic environment ICE is activated first, which
then activates pro-CPP32 to CPP32 so that either inhibitor of ICE
and CPP32 could block PARP cleavage. The optimal pH of CPP32
to cleave PARP has been reported to be 6.5–7.0 (Nicholson et al,
1995; DW Nicholson, personal communication). In this connec-
tion, it is important to note that PARP cleavage was most
pronounced in pH 6.4–6.6 media, which lowers the pHi of HL-60
cells to 6.9–7.1 (Table 1). We may then infer that acidic environ-
ment not only activates the caspases but also increases the proteo-
lytic process mediated by the caspases. Although PARP cleavage
is a common feature in apoptosis, the importance of PARP
cleavage in apoptosis is not yet clear because, in addition to PARP,
other proteins such as histone, lamins, topoisomerases and DNA-
dependent protein kinase (DNA-PK) are also degraded by
caspases during apoptosis (Kaufmann et al, 1993; Casciola-Rosen
et al, 1995; Ramage et al, 1995; Song et al 1996). Indications are
that degradation of these proteins either triggers apoptosis or
renders DNA sensitive to endonucleases and that the relative
importance of the cleavage of different proteins is cell type-depen-
dent. In this regard, PARP has been demonstrated to suppress the
activity of Ca2+/Mg2+-dependent DNAase I (Yoshihara et al, 1975;
Negri et al, 1993; Whitacre et al, 1995; Kumar and Lavin, 1996)
suggesting that PARP cleavage may lead to activation of DNAase
I. The optimal pH for DNAase I has been known to be in the
6.8–7.0 range suggesting that an acidic environment may enhance
the activity of this endonuclease to fragment DNA. It has also been
recently reported that CPP32 cleaves ICAD, a complex of caspase-
activated deoxyribonuclease (CAD) and its inhibitor (I) in the
cytosol, allowing the Mg2+-dependent CAD to enter the nucleus
and degrade chromosomal DNA (Enari et al, 1998; Sakahira et al,
1998). Another Mg2+-dependent endonuclease (AN34) has
recently been purified from etoposide-treated HL-60 cells
(Yoshida et al, 1998). Caspase inhibitors could inhibit the activity
of this DNAase. When these reports are taken together, one may
conclude that not a single nuclease but multiple endonucleases
may be involved in DNA degradation in apoptosis and that activa-
tion of caspases is a critical upstream event of the activation of
these endonucleases. In a study by Zanke et al (1998), tumour cells
were treated with inhibitors of pHi regulatory mechanisms in
pH 6.0–6.5 media, and the relationship between Bax expression,
PARP cleavage and clonogenicity of the cells was investigated.
Wherease Bax was up-regulated, PARP cleavage was not observed
and the clonogenicity of the cells was not affected by the inhibitors
of caspases in the cells received the acid shock. This results are
essentially in good agreement with our previous observation (Park
et al, 1996) that treatment of HL-60 cells with inhibitors of pHi
regulation caused less apoptotic DNA fragmentation in pH 6.6
medium than in pH 7.5 medium. There is an optimal pH range for
the PARP cleavage and DNA degradation and it appears that an
extremely acidic environment may kill the cells by mechanisms
without involvement of PARP cleavage and apoptotic DNA frag-
mentation. In the aforementioned study by Zanke et al (1988), it is
highly likely that the treatment of the cells with inhibitors of pHi
regulation in media with pH < 6.5 decreases the pHi significantly
lower than 6.5. Under such an extremely acidic intracellular envi-
ronment, cleavage of PARP with caspases, whose optimal pH is
known to be above 6.5 (Nicholson et al, 1995), may not occur. In
our present study, we incubated the cells in pH 6.6 medium
without any additional stress and the cells underwent apoptosis
through PARP cleavage. Experiment is in progress in our labora-
tory to reveal whether the inhibition of PARP cleavage with
caspase inhibitors prevents the acidic stress-induced clonogenic
cell death.
There have been considerable discussions regarding in which
cell cycle stage apoptosis occurs after receiving various signals for
apoptosis (Dewey et al, 1995). The results shown in Figure 5 indi-
cate that mainly the G1 cell fraction decreases while the apoptotic
cell population increases upon incubation of the cells in acidic
medium indicating that G1 cells undergo apoptosis. In this regard,
we previously observed that heat-induced apoptosis in HL-60 cells
occurred in G1 phase (Takasu et al, 1998). The effects of acidic
intra-tumour environment on the viability and proliferation
kinetics of tumour cells and thus on the tumour growth rate remain
to be investigated.
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